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Abstract—Accurate modeling of the annulus ﬁbrosus (AF) is
a crucial aspect to study spine mechanics in silico. Numerical
models require validation at both the microscale and organ
level to be representative of the real system. Although the AF
presents distributed material properties, its response is often
modeled with a homogeneous stiffness distribution. The aim
of this study was to investigate the inﬂuence of different
modeling approaches on the numerical response of disk
models, based on lamellae mechanics. A material mapping
strategy was developed to deﬁne element-wise the local
annulus material properties, based on prior ﬁndings of single-
lamella mechanics and collagen distribution. Three modeling
approaches were compared: homogeneous, radial and radial-
circumferential distribution of material properties. The
simulations showed a strong inﬂuence of the chosen
modeling approach on the disk’s tissue- and organ-scale
mechanics. A homogeneous model with uniform, average
lamellae stiffness predicted a substantially different internal
stress distribution and organ-level response, compared to a
model with heterogeneous material properties of the annulus
lamellae. Finally, the study has indirectly highlighted that the
organization of the mature disks could be a consequence of
adaptation to the stresses induced by the applied loads, in
order to evenly distribute the load over the entire structure.
Keywords—Annulus modeling, Lamellae stiffness, Collagen
ﬁbers.
INTRODUCTION
The mechanical response of physiological structures
depends on both the biochemical composition and
structural organization of their constituents. In gen-
eral, the mechanical response of soft tissues is related
to the collagen type and distribution.18 Depending on
the tissue, the collagen ﬁbers can provide a network
supporting other macro-molecules (e.g., hyaline carti-
lage) or have a direct load-bearing function (e.g., ten-
dons).
The intervertebral disk (IVD) owes its complex
mechanical response to the interaction of two adjacent
soft tissues, in which the collagen ﬁbers have diﬀerent
structural tasks. The disk anatomy comprises a central
gelatinous core, the nucleus pulposus (NP), which is
surrounded by alternating, ﬁber-reinforced lamellae
(from 15 to 25 distinct layers), the AF.10 In the NP, the
collagen ﬁbrils, mostly collagen type II, are organized as
a randomly dispersed network, which provides support
for glycosaminoglycans (GAGs) and other molecules.
The annulus lamellae are composed of collagen ﬁbers,
mostly type I and some type II, embedded in a biological
ground matrix.32 Within each lamella, the collagen ﬁ-
bers are aligned along preferential directions which vary
depending on the location within the AF.8,32
Several studies have shown that the IVD, and in
particular the AF, demonstrates a heterogeneous spa-
tial distribution of its material properties.2,11,26,32,43,44
In particular, the anterior outer region of the AF has
been shown to be stiffer than the posterior outer
region. Furthermore, the outer regions of the AF are
stiffer than the inner region, closer to the NP26
(Fig. 1a). Although numerical models have demon-
strated that the local ﬁber orientation may partially
explain the regional differences of stiffness,13,31 an
approach focused only on ﬁber orientation fails to
explain and incorporate the variable response of single
lamellae when stretched along the ﬁber direction.26 In
general, this could be explained by the heterogeneous
distribution of the collagen content itself, which has
been found to vary radially.7 However, no signiﬁcant
correlation has been found between the total collagen
content and mechanical parameters i.e., tensile modu-
lus, strength of single lamellae.43
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Nevertheless, it is plausible that the individual col-
lagen type distribution, rather than the total collagen
content, should be considered to fully assess the local
lamellae stiﬀness. Eyre and Muir showed that the pro-
portions of collagen type I ([CollI]) and type II ([CollII])
vary gradually and inversely across the AF, with type I
content decreasing from the outer to the inner annu-
lus.14 Brickley-Parsons and Glimcher7 further investi-
gated the chemistry of collagen and reducible collagen
crosslinks, dividing the disk cross-section in four areas:
anterior, posterior and two lateral regions. These au-
thors reported that no signiﬁcant changes in collagen
content and type were detected circumferentially
around the same disk and between different spinal levels
for the group of specimens in the 13- to 18-year-old age
group. The changes were mostly in the radial direction,
in agreement with Eyre and Muir. However, circum-
ferential changes were seen in samples from older
donors, 36–82 years of age, where both collagen type
(Fig. 2a) and collagen crosslink density varied. In
experimental studies, where the lamellae mechanics
were investigated, specimens were tested from donors
mostly in the second age group (Table 1). However,
Galante17 reported that the elongation, residual defor-
mation and energy dissipation decreased progressively
until age 26, after which they remained practically
constant. Skrzypiec et al.44 reported that the ultimate
tensile strength of the outer annulus for male disks
decreased by 66% over the age range 48–96 years.
The research community now makes extensive use
of numerical simulations to investigate the IVD’s
response to diﬀerent loads.27,48 However, those studies
mostly model the AF by assuming a homogeneous
stiffness distribution, which is not the case for the
physiological disk. The ﬁdelity of the material model is
even more relevant when using an inverse approach to
derive the local material properties of the annulus
based on experimental force–displacement data at the
organ level. Some studies model heterogeneous mate-
rial properties of the AF by representing the collagen
ﬁbers as discrete bar elements41,42 or through rebar
brick elements.38 In these, a radial distribution of the
stress–strain relationship for the collagen was assumed,
adjusted to the relative collagen content of collagen
type I and II7 in the AF. However, neither the full
heterogeneity of annulus properties nor the actual
uniaxial tensile response of individual lamellae has
been explicitly implemented in organ-scale models.
Therefore, assuming that the AF lamellae play a
critical role in the disk’s mechanical response, espe-
cially if one considers aging, adaptation or degenera-
tion, the purpose of the present study was to
investigate the inﬂuence of diﬀerent modeling
approaches on the numerical response of disk models,
based on lamellae mechanics. Speciﬁcally, a material
mapping strategy was developed to deﬁne the local
annulus material properties on a per-element basis.
Two diﬀerent scenarios were investigated: a heteroge-
neous radial distribution of the lamellae stiﬀness
(Radial Distribution Model, RDM), and a heteroge-
neous radial-circumferential distribution of the lamellae
stiﬀness (Radial Circumferential Distribution Model,
RCDM), based on the previously reported heteroge-
nous—and age-dependent—distribution of collagen
type and content.7 A model with a homogeneous
distribution of the lamellae stiffness (Homogeneous
FIGURE 1. (a) Typical stress–stretch curves of lamellae from four regions of the AF.26 (b) Stress–stretch curves for the radial
distribution model (RDM) computed by the proposed algorithm (dashed gray lines) based on the collagen type I distribution for 13–
18 years subjects. The AF was divided into four stiffness regions.
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Distribution Model, HDM) was used as a reference for
the standard modeling approach in disk mechanics.
Given the different stiffness distribution, we expect that
each model will predict a substantially different
response at both the micro (stress patterns) and organ
scale. For each study case, we investigated the response
of the disk to four different quasi-static load cases.
MATERIALS AND METHODS
Model
A representative L2L3 disk was deﬁned with a
major axis of 50 mm and a minor axis of 37 mm. A
height of 9.5 mm was deﬁned. The volume of the NP
was set to 42% of the entire disk geometry.49 The disk
bulge was assumed to vary linearly from 2.5 mm on
the inner AF to 1 mm on the outer AF. The AF was
assumed to be comprised of ten alternating layers, with
the ﬁber (fb) orientation described as in Holzapfel
et al.26 Inclined rigid bony endplates were added at the
top and bottom (2 with respect to the transversal disk
section). The inferior endplate was rigidly ﬁxed in the
three translational degrees of freedom to approximate
the usual experimental constraints of an isolated mo-
tion segment with the vertebrae embedded cranially
and caudally.48 The loads were applied by means of
displacement or rotation of the superior endplate.
Linear fully-integrated hexahedral elements were used
for the discretization of the system. The average
seeding length was deﬁned by the ratio of the disk
height over the number of layers of the AF.
Material Properties
The response of the IVD tissues is highly nonlinear.
Therefore, a large deformation approach was used to
describe the mechanical response of the AF and NP
tissue. The constitutive equations were derived by
assuming a speciﬁc strain energy function Wi with
i = {np,af,fb} for each tissue. A Neo-Hookean model
was used for the NP, assuming a homogeneous,
incompressible material, Eq. (1). The annulus was
represented as a composite material of collageneous
ﬁbers embedded in a ground matrix. The ﬁbers were
not included as discrete elements, but described in a
continuum manner, incorporating their initial orien-
tation. Each component was described by a different
hyperelastic formulation. A modiﬁed Yeoh’s model
has been used for the ground matrix of the AF,
assuming a homogeneous, incompressible material,
Eq. (2).
WðCÞnp ¼ Cnp10 I1  3ð Þ þ
jnp
2
ðJ 1Þ2 ð1Þ
FIGURE 2. (a) Relative proportion of type I collagen in the lamellae of the AF vs. age for an L2-L3 disk. Color map expressed as %
dry weight of total collagen content. (b) Distribution of type I collagen vs. annulus region for 13–18 years group (gray), and
53 years (black). Data adapted from Brickley-Parsons and Glimcher.7
TABLE 1. Studies of lamellae mechanics.
Study Specimen Age (years) Level
Acaroglu et al.1 Multiple-lamellae 2–88 L3-L4
Ebara et al.12 Multiple-lamellae 26–53 L3-L4
Galante17 Multiple-lamellae 5–78 Not reported
Holzapfel et al.26 Single lamellae 57.9 (mean) ± 15.4 (SD) L2-L3
Skaggs et al.43 Single lamellae Not reported L1-L2
Skrzypiec et al.44 Multiple-lamellae 48–91 T8-S1
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WðCÞaf ¼ Caf10 I1  3ð Þ þ Caf20 I1  3ð Þ2þ
jaf
2
ðJ 1Þ2;
ð2Þ
where J = det(F) is the Jacobian determinant, measure
of the volume change. I1 is the ﬁrst invariant of the
deviatoric deformation tensor C ¼ J2=3C;C ¼ FTF is
the right Cauchy-Green deformation tensor, F is the
deformation gradient tensor, a measure of the trans-
formation, C10
np, jnp, C10
af , C20
np and jaf are the material
coefﬁcients, with unique values for nucleus and annu-
lus tissue. These parameters have been deﬁned by
the analysis of experimental data from literature (see
Table 2).
Collagen Fibers Response
Assuming that the stiﬀness of the lamellae is related
to the local [CollI], the heterogeneous mechanical
properties of the annulus were described by varying the
lamellae stiffness to reﬂect the local [CollI], combining
and relating observations from the papers of Holzapfel
et al.26 and Brickley-Parson and Glimcher.7 According
to the uniaxial tensile tests performed by Holzapfel
et al.,26 (Fig. 1a) the stress–stretch response of the
lamellae of the annulus boundaries were used as ref-
erence curves. To compute the intermediate lamellae
response (from the inner to the outer annulus, Fig. 1b),
the curves were scaled radially, based on the local
[CollI] from Brickley-Parson and Glimcher.
7 Then, the
individual curves were parameterised by ﬁtting a
polynomial hyperelastic constitutive equation to
determine the local material parameters Eq. (3). Their
response was modeled as tension only.
WðCÞfb ¼
li
ci
I
c=2
4  1
 
 li ln I1=24
 
if I4  1;
0 otherwise;
ð3Þ
where I4 is the square of the ﬁber stretch I4 =
(F ﬁber) Æ (F ﬁber) where ﬁber is the ﬁber direction in
the reference conﬁguration. li and ci are coefﬁcients
describing the local lamellae stiffness. These parame-
ters were assigned to each element of the AF together
with the local ﬁber direction.
For the RCDM, the lamellae responses were related
to the distribution of the 53 year old case from
Brickley-Parson and Glimcher (Fig. 2b), since the
average age of the specimens tested by Holzapfel
et al.26 was 57.9 years. The parameters of the circum-
ferentially intermediate lamellae were assigned by lin-
ear interpolation with respect to the angular position
of the element around the annulus. For the RDM, the
distribution of [CollI] of the 13–18 year old group was
used, as [CollI] was seen to vary only radially in this
group. This distribution was related to the lamellae
response of the anterior-outer lamellae (square mark,
Fig. 1a) and of the posterior-inner-lamellae (circle
mark, Fig. 1a). These curves were selected because of
the small change of [CollI] until the age of 53 years in
these regions of the AF (%  4). The above procedure
was incorporated within an algorithm which computes
and implements the local ﬁber direction.35 In Fig. 3,
the value of ci are plotted over the IVD mid cross-
section for the RDM and RCDM. Three HDMs were
used to evaluate the disk response with homogeneous
properties: (i) HDM-AV, a model with lamellae
response equal to the average lamellae stiffness of the
inner and outer lamellae of the RDM (the response
was computed by assuming the average [CollI] the
anterior-outer-lamellae and the posterior-inner-lamel-
lae); (ii) HDM-I, a model with lamellae response equal
to the inner lamellae response of the RDM; (iii) HDM-
O a model with lamellae response equal to the outer
lamellae response of the RDM.
Numerical Simulations
The constitutive equations have been implemented
in the ABAQUS ﬁnite element package (ABAQUS
6.12.3, Hibbit, Karlsson and Sorenson Inc., Paw-
tucket, RI, USA) with user-deﬁned Fortran subrou-
tines. No time dependent eﬀect was considered.
Assuming the swelling of the AF ground matrix
is negligible compared to the NP swelling,19,28,38 the
effect of the internal hydrostatic pressure on the stress
distribution in the AF was considered by performing a
pre-stress analysis. This was conducted as the ﬁrst step
of the analysis and used an algorithm specially devel-
TABLE 2. Finite element model material properties of the ground matrix.
Nucleus ground matrix Annulus ground matrix
C10
np (MPa) jnp (MPa) C10
af (MPa) C20
af (MPa) jaf (MPa)
0.0033 67.16 0.038 0.058 9.52
Note Parameters have been extracted by fitting tensile experimental curves taken from the literature. The ground matrix of the np was
characterized by data reported for shear and compression tests of NP tissue,9,29,30 and the ground matrix of the AF by fitting the data for radial
tensile test of the AF tissue.16
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oped for this purpose.34 A similar approach was also
used to determine e.g., the residual strain in the cornea,
based on images of the eye in its stressed state.45 Its aim
is to compute the residual strain conﬁguration in the
annulus by an iterative approach. Each iteration is
composed of a simulation, where the external load is
the internal swelling pressure. By a decomposition of
the motion, the method computes the residual annulus
deformation gradient, which equilibrates the internal
swelling pressure and results in the deﬁned disk geom-
etry (as would be obtained from e.g., MR imaging). The
swelling pressure was assumed 0.1 MPa50 (internal
pressure exhibited in vivo in supine posture). After this
reference state was computed, four loading cases were
applied on the pre-stressed model: Axial elongation/
compression (1 mm), ﬂexion/extension (5), left/right
lateral bending (3) and left/right axial torsion (2.5).20
The stress distribution due to NP swelling was com-
pared by analysis of the maximum and minimum
principal stresses and pressure (p ¼ ðr1 þ r2 þ r3Þ=3;
where ri are the principal stresses). Furthermore, the
ﬁber tensioning was investigated in the loaded scenario
by looking at the maximum principal stress distribution
in the AF. In addition, the total proportion of the
annulus volume with ﬁber tensioning was calculated as
the annulus volume ration (avr). For the analysis of
the results, unless otherwise speciﬁed, the RCDM was
taken as the reference model and the relative change is
referred to the value at the maximum displacement/
rotation simulated.
RESULTS
Reference State
The stress distribution due to the application of an
initial swelling pressure was diﬀerent for each model
(Fig. 4). The maximum principal stresses for the
HDM-AV were concentrated on the inner part of the
AF, whereas they were on the outer annulus for the
RDM, and in particular at the posterior recess. The
RCDM showed a more homogeneous stress distribu-
tion compared to the HDM and the RDM, especially
in the lateral regions of the annulus. The maximum
principal stress was lower for the RCDM compared to
the RDM (2170%) but larger than for the HDM-AV
model (+20.5%). The minimum principal stress had
similar trends for the three models, with larger abso-
lute values for the RDM compared to the RCDM and
HDM. The pressure had similar pattern, with a larger
absolute value for the RDM (+123.3%) and a smaller
for the HDM-AV (253.4%).
Fibre Tensioning
In general, the pattern of ﬁber tensioning was dif-
ferent in the three models for each loading case (Figs. 5
and 6). RDM and RCDM showed areas of ﬁber ten-
sioning on the outer lamellae of the AF, whereas for
the HDM-AV mostly the inner annulus was involved.
However, for compression and tension, stresses were
concentrated in the posterior outer lamellae of the
HDM-AV. Except for compression, the RCDM had a
lower maximum principal stress than the RDM (max
difference in torsion 287.3%), but larger than the
HDM-AV model (maximum difference in ﬂexion
+204.1%). In compression, the RCDM had lower
stresses than the HDM-AV (243.5%) and the RDM
(286.5%).
Except for tension, the volume of the annulus
experiencing ﬁber tensioning was larger for the HDM-
AV (min avr in lateral bending 0.86, max avr in left
torsion 0.97) compared to the RDM (min avr in right
torsion 0.42, max avr in extension 0.74) and RCDM
(min avr in right torsion 0.59, max avr in compression
0.86).
FIGURE 3. Distribution of c over the cross-section of the disk for the model with a radial distribution (RDM, a) and a radial-
circumferential distribution of the lamellae stiffness (RCDM, b).
G. MARINI AND S. J. FERGUSON1764
Organ Response
The load–displacement curves predicted by the
HDM-AV (black), RDM (red) and the RCDM (green)
are compared in Fig. 7. The variance of the lamellae
response shown in Fig. 1b is reﬂected in the range of
variance for the organ-scale response of the HDM
(gray area on Fig. 7), bounded by the response of the
homogeneous models HDM-O and HDM-I. In gen-
eral, the organ response was stiffer for the RDM,
compared to the RCDM and the HDM-AV. Fur-
thermore, for every loading case, the HDM-AV
showed a response closer to the HDM-I than to the
average response of the HDM-O and the HDM-I
models. In compression, the load–displacement curves
for the RDM and the RCDM showed a comparable
disk response (25.7%) and within the range of varia-
tion of the HDM. In elongation, the RDM exhibited a
response stiffer than the RCDM (+45.1%), which had
a comparable response to the HDM-O (+2.6%). In
ﬂexion, the RDM had similar response to the HDM-O
(+2.63%), and results stiffer compared to the RCDM
(+85.2%). In extension, the RDM was stiffer than the
RCDM (+17.2%) and the HDM-AV (+73.8%). In
particular, the RCDM had similar response to the
HDM-O (+0.6%). In lateral bending, the RDM
resulted stiffer than the HDM-O (left +13.6%, right
+16.7%) and the RCDM (left +25.1%, +27.7 right
%). The response of the RCDM was comparable to
the HDM-O (left29.1%, right28.5%). In torsion, the
RDM had similar response to the HDM-O (left
22.9%, right 25.8%) and, was stiffer than the RCDM
(left +41.5%, right +49.5%).
FIGURE 4. Distribution of the von Mises stresses (top) and pressure (bottom) for the model with a uniform lamellae stiffness
distribution (HDM-AV, left), a radial stiffness distribution (RDM, center) and a radial-circumferential distribution (RCDM, right) at
0.1 MPa swelling pressure. The radial distribution of the stresses at four orthogonal sections of the annulus mid-section (posterior,
anterior, left and right) was compared for HDM-AV (black), RDM (red) and RCDM (green).
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DISCUSSION
In this study, the inﬂuence of the spatial distribution
of lamellae stiﬀness on the IVD response has been
investigated, speciﬁcally by deﬁning a material
mapping strategy relating the local lamellae stiﬀness
directly to the local collagen type proportion.
The presented results indicated that, depending on
the modeling approach of the AF, numerical models
based on lamellae mechanics predict a quite diﬀerent
FIGURE 5. Vector distributions of the maximum principal stresses for models with a uniform lamellae stiffness distribution (HDM-
AV, left), a radial stiffness distribution (RDM, center) and a radial-circumferential distribution (RCDM, right). The minimum contour
value was set to 0 MPa to highlight the response of the fibers, which are modeled as tension-only. Far right: The distribution of
stress values, normalized over the annulus volume, plotted for HDM-AV (black), RDM (red) and RCDM (green).
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quasi-static behavior, in terms of the organ response
and spatial distribution of internal variables i.e.,
pressure, maximum and minimum principal stress,
ﬁber tensioning. In particular, a radial-circumferential
distribution improves the load bearing capability of the
system in compression by distributing the load more
homogeneously on the AF lamellae. This translates to
lower local maximum stresses and a diﬀerent ﬁber
contribution to the disk mechanics, compared to a
system with radial distribution. Assigning the high
FIGURE 6. Vector distributions of the maximum principal stresses for models with a uniform lamellae stiffness distribution (HDM-
AV, left), a radial stiffness distribution (RDM, center) and a radial-circumferential distribution (RCDM, right). The minimum contour
value was set to 0 MPa to highlight the response of the fibers, which are modeled as tension-only. Far right: The distribution of the
stress values, normalized over the annulus volume, plotted for HDM-AV (black), RDM (red) and RCDM (green).
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stiﬀness of the anterior external lamellae homoge-
nously to the whole AF (Fig. 1a) did not produce the
expected limit on the organ-scale response for the
system i.e., tension, extension, lateral bending (HDM-
O). This is likely due to the initial stress distribution
following the pre-stress analysis step. Areas of stress
concentration following pre-stress were predicted
mostly in the lamellae surrounding the nucleus in the
HDMs, whereas in the RDM the outer lamellae were
the main area of stress concentration. This translates
to a larger moment arm for the (integrated) area of
stress in the RDM than in the HDMs models, which
together with the larger initial stresses (+53%) entails
a stiffer organ response for the RDM than for the
HDM-O. However, the stress distribution induced by
the swelling pressure seemed to be less relevant for
compression, where the HDM-O resulted in a stiffer
organ response than the RDM and RCDM. Further-
more, although a similar axial response was predicted
by the RDM and the RCDM, the maximum principal
stresses were smaller for the RCDM than for the
RDM. Studies43 reported values of failure stresses for
the anterior lamellae of 10.3 ± 8.4 MPa which is ﬁve
times higher than the maximum principal stress at
1 mm axial compression from the RCDM. Compres-
sion is considered to be the main loading condition
experienced by the disk during daily activities49 and
our analysis supports that the compositional/structural
organization of the lamellae is optimized to reduce the
local stress concentration in compression. However,
the maximum principal stresses for the RCDM in
ﬂexion were more than two times the failure stresses
FIGURE 7. Load-Displacement curves predicted by the FE models with a homogeneous (HDMs, black line), a radial (RDM, red
line) and a radial-circumferential (RCDM, green line) lamellae stiffness distribution. The area of variance (gray) for the model with a
homogeneous lamellae stiffness is bounded by the HDM with lamellae response equivalent to the posterior internal lamellae of the
RDM (HDM-I, dotted line), and the HDM with lamellae response equivalent to the anterior external lamellae of the RDM (HDM-O,
dashed line). See also Fig. 2.
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for the anterior lamellae. This is likely due to the
absence of structures such as anterior and posterior
longitudinal ligaments in the model, which would
contribute to resisting the ﬂexion/extension bending
moment.24,41
The adaptation and arrangement of basic biological
components in order to optimally distribute the stres-
ses in load bearing structures is implied by Wolﬀ’s law.
The relationship between structural organization and
the applied loads has been demonstrated to be valid in
several biological systems e.g., bone and blood ves-
sels.25 Although not the principal goal of our study, the
results imply that also the IVD experiences a similar
adaptation, conﬁrming previous study from Noailly
et al.,38 who explored different assumptions related to
adaptation of the collagen ﬁber angles in adjacent
lamellae. The IVD, as any biological structure,
undergoes changes dictated by both the load history
and the physiological aging of the body.4,11,37,46
Antoniou et al.6 studied the changes in the biosynthesis
and denaturation of the extracellular matrix and
identiﬁed three major matrix turnover phases: Growth
(0–15 years), maturation and aging (15–40 years), and
degeneration and ﬁbrotic (40–80 years), similar to the
age groups explored in Brickley-Parson and Glim-
cher.7 In particular, after growth the vascular supply
through the vertebral margins strongly diminishes and
nutrients are delivered by diffusive processes from the
free margins of the annulus, still vascularized, and by
the diurnal ﬂuid ﬂow through the endplates.15,22 Dur-
ing maturation and aging, the disk would be similar to
a closed system, where processes of remodeling and
healing are limited to the boundaries. Therefore, the
different response of the anterior and posterior region
of the AF (Fig. 1) could be due to adaptation during
the maturation and aging phase.
The changes of lamellae stiﬀness were related only
to [CollI], since bundles of CollI ﬁbers are mostly
present in tissues having a direct load bearing function.
We assumed therefore they have a similar function in
the lamellae and their change in content directly
inﬂuences the lamellae stiffness. However, while in
maturation, an increase of CollI in the anterior-inner
region is reﬂected by an increase of the lamellae stiff-
ness, the opposite occurs in the posterior-outer region
of the AF (Figs. 1a and 2a). This phenomenon could
be due to the fact that, during the aging and degen-
eration of the disk, bundles of CollII are replaced by
CollI ﬁbrils. However, the newly deposited ﬁbers are
not aligned along a preferential direction, but rather
they form a random ﬁbrous network3,23,37 which
results in a different contribution to the lamellae
mechanics. In lamellae previously rich in CollII, these
randomly aligned CollI ﬁbers would still enhance the
mean stiffness of the tissue (i.e., intrinsic ﬁber prop-
erties dominate). However, if similar changes occur in
lamellae with a previously high content of aligned CollI
ﬁbers, freshly deposited ﬁbers would not increase the
local lamellae stiffness (i.e., alignment effects domi-
nate) (Fig. 8).
Although the assumption of a correlation between
lamellae stiﬀness and local collagen type is not based on
any direct experimental evidence, but rather the syn-
thesis of observations from two studies, it has been
demonstrated that the mechanical properties of the AF
and NP can be generally related to the biochemical
composition.5,21,39 By changing the swelling and diffu-
sion properties of the IVD, the chemical-electrical
behavior of the tissue plays also a fundamental role in
the stress distribution of the loads through the system.27
In the present study, we neglected these aspects, con-
sidering variation in swelling pressure during loading
transients to be secondary to direct mechanical effects.47
Although the chemical-electrical behavior also
changes with age, we did not speciﬁcally study the
process of disk aging and degeneration. The distribu-
tion of [CollI] was taken from different age groups,
however no conclusion can be made about the inﬂu-
ence of age on the disk response because this would
involve changes also in geometry, which were not
considered in the study. Moreover, the reference
stress–stretch curves were related to the mature speci-
men26 [57.9 (mean) ± 15.4 (SD) years] and do not
completely represent all the possible physiological
variance; further detailed analyses of the constitutive
determinants of AF lamella properties should be
encouraged.
FIGURE 8. Stress–stretch curves from simulations of uni-
axial tensile tests, assuming 100% fiber alignment (solid line),
50% fiber alignment (dashed line) and 0% fiber alignment
(dotted line), with respect to the tensile loading direction
(vertical). The example assumes the same type fibers with no
reference to a specific kind of collagen. Stresses were nor-
malized with respect to the maximum value obtained for 100%
fiber alignment. Simulations were performed with C10 5 0.038
(MPa), C20 5 0.058 (MPa), j 5 9.52 (MPa), l 5 0.01 (MPa) and
c 5 32.
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To use numerical analysis to investigate the eﬀec-
tiveness of repair strategies or to model the disk cell
response to targeted treatments, the micro-mechanical
environment should be correctly described, which
implies the need for an accurate description of the local
tissue properties. Nonlinear models with a discretiza-
tion grid resolving the single ﬁbers would be compu-
tationally prohibitive, whereas heterogeneous
phenomenological models need to be calibrated care-
fully, and may have too many valid parameter com-
binations which are then diﬃcult to relate to speciﬁc
characteristic of the tissue.40 Models describing purely
the structural organization of the tissue compo-
nents13,31 do not consider the change in mechanical
properties due to the tissue composition, which is rel-
evant when considering tissue aging and remodeling.
The outcome of the numerical analysis suggests that
investigation of the link between the collagen type and
the local lamellae mechanical response, with a partic-
ular focus on the effect of age, would provide valuable
information on natural disk function or even guidance
for future tissue engineering applications.
In our approach, the discretization of the AF dic-
tates the local proportion of collagen type for, and
hence the local stiﬀness assigned to, each element. In
order to verify the inﬂuence of discretization on the
numerical solution, we ran a mesh sensitivity study
with one 6-layer and one 16-layer RCDM. Both
models had similar organ response to the 10-layer
RCDM, however the 6-layer model diﬀered for some
load cases i.e., elongation (max error 27.5%), ﬂexion
(max error +12.1%), right lateral bending (max error
9.8%), left axial torsion (+23%), thus indicating that
the approach needs at least a seeding size of circa
1 mm, which agrees with mesh sensitivity studies for
dynamic simulations.33
Although the model was not created based on a real
disk geometry, we compared qualitatively the organ
response with data from literature48 (Fig. 9). In gen-
eral, the response of the RCDM had a good correla-
tion with the experiment (Pearson’s product-moment
correlation, R> 0.79, p< 0.001) with the exception of
the model response in ﬂexion (R = 0.75, p< 0.001).
This is most likely due to the absence of the posterior
and anterior ligaments. Experimental studies have
shown that the presence of these ligaments can change
the mechanical response of the system.24 In our study,
we neglected these structures in order to highlight the
inﬂuence of collagen distribution in the annulus. The
comparison of the internal stresses for 500 N com-
pressive load to the stress proﬁlometry values reported
in previous studies36,38 (Fig. 10) showed a good cor-
relation (R> 0.75, p< 0.001), although the assump-
tion of the swelling related only to the NP was visible
in the sudden drop of the stresses beyond the NP
boundary.
In conclusion, the inﬂuence of a heterogeneous AF
lamella stiﬀness on the organ-scale mechanical
response of numerical models of the IVD has been
investigated. Lamellar properties were assigned based
a mapping strategy relating stiﬀness to local collagen
type. The results indicate that the local stiﬀness vari-
ation in AF tissue has an important inﬂuence on disk
mechanics, therefore an assumption of homogeneous
lamellae stiﬀness could be erroneous. The study has
also indirectly highlighted that the structural organi-
zation of the mature IVD could be a consequence of
adaptation to the stresses induced by the applied loads.
FIGURE 9. Load-Displacement curves predicted by the FE model with a radial-circumferential lamellae stiffness distribution
(RCDM) and analog experiments on L2-L3 disks from literature.48
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